The Swedish ordinance banning the landfilling of organic material after 2005 has lead to rapid developments towards waste incineration, while biological alternatives are less studied. In this study, biological alternatives for enhanced methane production from residual municipal waste (the remaining waste fraction after source separation) are investigated. The strategies investigated were recirculation of leachate, recirculation of leachate with aeration, flooding of the solid bed, and enzyme addition after initial leaching in an anaerobic, batch, two-stage digestion process with recirculation of digested leachate. The degree of solubilisation of organic compounds achieved was higher for initial digestion in a two-stage anaerobic digestion system followed by the addition of cellulolytic enzymes than in the other strategies investigated. The overall net solubilisation achieved was 0.48 g COD/g VS added corresponding to an increase of 34%. In addition, the digestion time was considerably reduced using this strategy. For the other strategies investigated the solubilisation yields obtained were similar, 0.31 g COD/g VS added .
Introduction
The EU countries have agreed on a directive requiring that the amount of biodegradable organic waste that is deposited in landfills be decreased by 65% by July 2016 (Council Directive 1999/31/EC on the landfilling of waste). The Swedish goal is stricter: no organic waste (neither biodegradable nor any other organic waste) should be landfilled after 2005 (The Swedish Waste Ordinance, 2001 Ordinance, : 1063 . Furthermore, a tax, presently 40 euro per ton of material deposited in landfills (both biodegradable and other waste), was introduced in 2000. Anaerobic degradation with biogas generation occurs in landfills, but it is slow and incomplete (Chugh et al., 1999) . Forty percent of the biogas production within the EU (28 TWh) is derived from the collection of landfill gas at around 500 landfill sites. In Sweden, the corresponding proportion is 31% (0.43 TWh out of 1.38 TWh produced biogas, SBGF, 2005) . The main alternatives to landfilling of organic waste are incineration, reactor-based biogas production and composting. The enforcement of the ban on landfilling in Sweden has lead to rapid developments in waste incineration; 47% of the municipal waste being incinerated in (RVF, 2005 . The environmental benefits of anaerobic digestion have, however, been shown to be superior to those of both composting and incineration, regarding greenhouse gas emissions (Baldasano and Soriano, 2000) and in a wider environmental perspective, including e. g. nutrient leakage and recovery (Edelmann et al., 2000) .
This study was based on a waste handling facility in Sweden, receiving waste from 6 municipalities with a total of 225 000 inhabitants. The present biogas production from old landfills and from steel tank digesters at the facility corresponds to 130 GWh/year in the form of methane. Of this, 4 GWh/year is upgraded to vehicle fuel quality (95-98% methane, 200 bar) (NSR, 2006) . The overall environmental benefits of using biogas are normally highest when replacing fossil transportation fuels (Börjesson and Berglund 2006) . Biogas as a vehicle fuel is also the utilisation alternative most favoured by present policy instruments in Sweden (Lantz et al., 2007) . At the waste handling facility, the organic fraction of the household waste is source separated and used for reactor-based biogas production (NSR, 2006) . The problematic fraction, which was previously landfilled, is the residual waste after source separation, amounting to 58 000 tons in (NSR, 2006 . This residual waste is roughly size sorted and the course fraction is incinerated. The fine fraction (<10×10 cm), 30 000 tons, or about 100 tons per day, is at present composted, but the aim is to find fast and efficient methods to optimise methane extraction. Analysis of this fine fraction of the residual waste has shown that it contains 77% organic material as food residues (49%) and wood, paper and textile (28%). The remaining 23% are undegradables as glass, metal and plastic. The fibre content (measured as the acid detergent fibre fraction, ADF) was 40% of total solids (TS), Thus, the ratelimiting step in anaerobic digestion would be expected to be fibre degradation making the introduction of a separate, hydrolytic step into the process advantageous (Mata-Alvarez et al., 2000; Lynd et al., 2002) . To enhance the biological degradation of municipal solid waste (MSW), several techniques that have been described for bioreactor landfills (enclosed landfills where gas and liquid flows are contained and well controlled) could also be applied as the first stage of a two-stage process. The techniques involve nutrient balance and sludge addition, reducing solid waste size (shredding), waste compaction, pH adjustment, leachate recirculation, and aeration. (Sponza and Agdag, 2005) . In this study, the aim was to investigate a two-stage approach with enhanced hydrolysis in the solid waste bed, while suppressing methane production, and to optimise the amount of soluble organic material transferred to the second, methanogenic, stage. The selected strategies were recirculation of leachate, recirculation of leachate with aeration, flooding of the solid bed, and enzyme addition after initial leaching in an anaerobic, batch, two-stage digestion process with recirculation of digested leachate.
METHODS

Substrate
The substrate used in the experiments was a model waste mimicking the organic fraction of the residual waste, leaving out the undegradables, with a mixture of food residues representing 80% of TS and paper representing 20%. TS and volatile solids (VS) of the substrate was 35.6% and 34.0% (w/w) respectively. The substrate was prepared by cutting the components into pieces of 2-3 cm and mixing. The material was stored at -20ºC until use.
Treatment of the residual fraction of MSW Experiment 1. The effects on organic matter solubilisation of leachate recirculation, with and without aeration or flooding, was investigated. For this, three parallel glass reactors with an active volume of 1100 ml were used. Gas-tight bags were connected to the gas outlet of each reactor to enable determination of gas volume and composition. The reactors were filled with the substrate (510 g, wet weight) and 130 ml tap water was added to each reactor. The reactors were operated with internal recirculation, the leachate collected in a reservoir being returned to the top of the bed. The leachate was recirculated at a flow rate of 32 ml/min for 5 minutes, twice per day. On each sampling occasion, pH and soluble chemical oxygen demand (SCOD) were analysed, and all free liquid was removed and replaced with water. The leachate removed from each reactor was digested in a mesophilic (37±1ºC) methane filter (MF). The MF was filled with plastic carriers and had a total volume of 1500 ml. This operational mode was maintained until the COD released to the leachate levelled out, which occurred after 5 months of operation. One reactor was then run in the same operational mode (R1), while one was flooded with digested leachate (the output collected from MF) (R2), and one was aerated (R3). This was repeated after another two months. After flooding of R2, the leachate was allowed to remain in contact with the substrate for 5 hours before being removed. Aeration of R3 was carried out in an upflow mode with simultaneous constant liquid recirculation at 32 ml min -1 . On the first occasion (after 5 months of operation) aeration was performed with an air flow rate of 53 ml min -1 for 5 hours and on the second occasion (after 7 months of operation) a flow rate of 210 ml min -1 was employed for 17.5 hours. After aerating/flooding of the reactors, leachate recirculation was maintained for 72 hours in all 3 reactors, after which the previous recirculation regime was adopted. The whole experiment was terminated after 8 months.
Experiment 2. In Experiment 2, the model waste was digested in a hydrolytic solid bed with circulation of the leachate via a methanogenic reactor back to the hydrolytic stage (Phase 1). When leachate SCOD values decreased, the waste was repacked into two new solid beds, and continued leaching with and without enzyme addition was investigated (Phase 2). For this experiment, the substrate was further homogenized to a particle size of approximately 3-6 mm before digestion using a blender. Phase 1: Two-stage digestion. The hydrolytic reactor was filled with 1600 g (wet weight) substrate, and 750 ml tap water was added. Initially, the hydrolytic reactor was operated with internal recirculation, after wich circulation over the methanogenic reactor was initiated. The methanogenic reactor used was the same upflow MF used for leachate digestion in Experiment 1. The loading rate of the MF was maintained at 1-3 kg COD m-3 d -1 . When the SCOD decreased below 11 g l -1 and the pH from the leachate of the hydrolytic reactor reached 5.5, digestion was terminated to avoid methanogenic conditions in the hydrolytic reactor. The reactors were maintained at 37±1 º C with heated water jackets. The gas produced was collected in gas-tight bags connected to the gas outlet of each reactor. The volume and composition of the gas released by all reactors were measured every second day. Liquid phase parameters, i.e. pH, SCOD and volatile fatty acids (VFAs) in the hydrolytic reactor (from the liquid reservoir receiving the leachate) and the MF were analysed with the same frequency. Phase 2: Enzymatic treatment. Pre-digested waste (800 g, 22.8% TS and 22.1% VS) from Phase 1 was divided between two column reactors with working volumes of 1000 ml. The enzyme mixture was added to a leachate reservoir containing 500 ml tap water in one of the systems; the amount corresponding to 2.5% of the TS of the substrate (w/w). In the control reactor, the leachate reservoir contained only 500 ml tap water to evaluate any leaching effects due to repacking and recirculation. The reactors were flushed with nitrogen as in the previous experiment, the leachates were circulated over the waste beds at a flow rate of 1.0 ml min -1 , and the systems were operated at 45±1ºC with heated water jackets. SCOD, pH and gas phase parameters were monitored.
Enzymes. The enzymes used were commercial preparations of cellulases, Celluclast 1.5L ™ , and β-glucosidase, Novozyme 188 ™ (both from Novozymes A/S, Bagsvaerd, Denmark). The activity of Celluclast 1.5L on filter paper was 65 FPU g -1 , and the β-glucosidase activity was 17 IU g -1 ; for Novozyme 188, the β-glucosidase activity was 375 IU g -1 . Novozyme 188 was added to Celluclast 1.5L
TM at a ratio of 1:4 (v/v). The cellulolytic activity of Celluclast 1.5L was measured according to Mendels et al. (1976) and β-glucosidase activity was measured according to Berghem and Pettersson (1974) for both enzyme preparations.
Sampling procedure and analysis
Samples of 5 ml were withdrawn for liquid phase analysis. The pH was measured, whereafter the sample was centrifuged at 4500 × g, twice, for 3 min and the supernatant was filtered through 45 µm filters and used for the SCOD analysis. At the end of the experiments the total mass of solid waste remaining, TS and VS were determined. The gas composition was determined as described by Parawira et al. (2004) . The volume of gas was measured with a wet-type precision gas meter (Schlumberger, Karlsruhe, Germany). VFAs were determined as previously described (Andersson and Björnsson, 2002) . TS, VS and SCOD were measured according to standard methods.
RESULTS AND DISCUSSION Experiment 1: Effects of leachate recirculation, aeration and flooding on organic matter solubilisation
The initial hydrolysis/solubilisation of the substrate, taking approximately 150 days, resulted in a release of 0.22 ± 0.02 g COD g -1 VS added (Figure 1) . Acidogenic conditions prevailed, with pH of 4.6 ± 0.4 in the end of this period. The three reactors were during this period operated as triplicates, but the variability in the monitored parameters was large, 9.5% and 8.9% respectively for COD and pH. This was attributed to the heterogeneity of the substrate, with varying size of particles. Due to the large standard deviations, the effects of flooding and aeration as strategies to improve the solubilisation of organic matter are not conclusive. After 240 days, R2 (flooding) and R3 (aeration) had COD releases 19 and 17% higher than R1 (Figure 1 ). When R2 was flooded, the high pH of the digested leachate gave neutral pH in the reactor, but acidogenic conditions were soon re-established (Figure 1) . This difference in the pH could have promoted microbial activity, however, the effect of flooding is attributed mainly to the fact that it overcomes mass transfer limitations (O' Keefe and Chynoweth, 2000) . The aim of aeration was to promote microbial activity. Given the low pH observed, and that it decreased further after the first period of aeration, it is reasonable to assume that the microbial activity was partially inhibited. Therefore, the advantages of this strategy were probably minimal. The average solubilisation effect for all three reactors achieved after 240 days was 0.30 ± 0.25 g COD g -1 VS added , with VS reductions of 50 ± 3%. Experiment 2: Two-stage digestion with recirculation, of digested leachate followed by enzyme addition After 3 days of operation with internal recirculation, the SCOD of the leachate was 63 g l -1 and the pH was 3.6, indicating solubilisation of the easily hydrolysable components. Circulation over the MF was initiated, and the low pH prevailed until day 45, when it started to increase due to recirculation of the digested leachate from the MF, which provided buffering capacity and inoculation of the hydrolytic reactor. When the pH reached 5.4 after 53 days, the two-stage operation was terminated. The methane content in the biogas produced from the MF was on average 59%. The amount of SCOD leached from the substrate was then 0.31 g COD g -1 VS added (Figure 1 ) This is similar to the SCOD leached from the substrate in Experiment 1 after 240 days of operation. The shorter time required for leaching can be explained by the size reduction of the waste and more intensive recirculation in Experiment 2, but may also be due to the positive effect of buffering compounds and or microorganisms introduced from the methanogenic stage in two-stage operation. The VS reduction obtained after 53 days was 47%.
When the pre-digested substrate was subjected to enzymatic treatment with a 2.5% (w/w) enzyme mixture load, further net solubilisation, i.e. after subtracting the contribution determined in the control reactor, of 0.14 g COD g -1 VS added was achieved (Figure 1 ). The additional VS reduction was 24.1% for the reactor with enzyme addition (based on the VS content of the pre-digested substrate), which corresponded to a net increase in removal of 10% compared with the control reactor without enzyme. The initial solubilisation of 0.1 g COD g -1 VS added that occurred between days 53 and 54 in both the test and control reactors can be explained by the repacking of the substrate, and is not regarded as an effect of enzyme addition. After enzyme addition, 89% of the SCOD was solubilised within the first 7 days, but leaching continued for up to 18 days. In the control reactor the maximum additional SCOD leached from the substrate was 0.13 g COD g -1 VS added . In spite of very low pH values in the reactor to which enzymes were added (lower than in the control reactor; around 3.4), still more SCOD was leached out, suggesting that the pH in the solid bed was probably higher than in the leachate, allowing enzymatic hydrolysis to take place. It is, however, possible that the action of the enzymes was partially inhibited since the pH values are significantly below the reported optimum for enzyme action, which is in the range 4.0-5.0 (Palmarola-Adrados, 2004).
Considering the complete process, with initial digestion in a two-stage system and subsequent improved hydrolysis and solubilisation by the addition of enzymes, the overall solubilisation of the substrate achieved was 0.60 g COD g -1 VS added , after 86 days of operation. After subtraction of the leaching in the control reactor, caused by repacking of the waste, which would not be done in a large-scale system, an increase in solubilisation of 34% was achieved due to enzyme addition. These results clearly show the advantage of running a two-stage process with digestion of the leachate and recirculation back to the hydrolytic stage, followed by enzyme addition. The idea of adding enzymes after pre-digestion in a hydrolytic stage has several advantages: the amount of enzyme required is minimised by first utilising the inherent capacity of enzyme release/solubilisation in the waste (Lai et al., 2001) , the pH in the waste bed is closer to the optimum for the added enzymes, which is not the case if enzymes are added under methanogenic conditions (Adney et al., 1991) , and the concentration of soluble monomers which can cause product inhibition of the enzymes is minimised.
CONCLUSIONS
Despite the fact that a model waste was used in this study, the inhomogeneity of the waste made it difficult to draw any conclusions from Experiment 1. The results from Experiment 2, combined two-stage digestion and enzyme addition, look promising. The results of this study indicate that simply leaching the waste in a hydrolytic stage could release soluble organic compounds corresponding to 10 GWh when converted to methane, assuming the treatment of 30 000 tons residual waste annually. Addition of the commercial enzymes used in this study could produce another 5 GWh. This corresponds to a total increase in methane production of 12% at the largescale facility in question. The methane produced in the second stage of a two-stage process has a high methane concentration, making it suitable for transportation fuel upgrading. Ultimately, the added value of increased methane production and the possibility of reducing waste treatment times, has to be weighed against the cost of a well controlled two-stage process and the cost of adding commercial enzymes.
